Purpose: We investigated sensations experienced by a large number of subjects during magnetic resonance (MR) imaging examinations using a 7-tesla scanner and slow tablefeed speed.
Introduction
Magnetic resonance (MR) imaging systems with ultra high fields, mostly 7 tesla (T), are steadily increasing in number and offer such advantages as high signal-to-noise ratio, profound susceptibility effects, and large chemical and phase shifts compared to conventional clinical MR imaging at 3T or below. Although the United States Food and Drug Administration (FDA) classifies MR imaging scanners with magnetic fields less than 8T as "nonsignificant risk devices," except in neonates, 1 7T MR scanners have not been approved for clinical use and are labeled as investigative devices, the use of which requires approval of an institutional review board and informed consent of subjects.
To perform safe and appropriate examinations at 7T, it is crucial to understand the potential physiological effects and risks caused by exposure to a high static magnetic field and high radiofrequencies. Previous studies revealed no significant biological effects on humans in terms of vital signs or cognitive functions; [2] [3] [4] [5] [6] [7] [8] [9] however, some transient sensations, such as vertigo and a metallic taste, are said to be more frequently experienced at 7T than at lower static magnetic fields. 8,10 -12 Three studies performed with large European cohorts and 7T scanners from 2 vendors demonstrated that approximately one-fourth of subjects experienced unpleasant sensations, most of whom found the sensations tolerable. Further, feelings of vertigo or dizziness during movement of the table into or out of the scanner bore were the most frequent and unpleasant sensations reported at 7T and more severe than those reported at 1.5T. [13] [14] [15] However, it remains unknown whether the severity and characteristics of these sensations are comparable to those reported in previous studies conducted in other countries and using different scanners. Therefore, we investigated unpleasant sensations experienced by large numbers of Japanese subjects during MR imaging examination using a different 7T scanner with slow table-feed speed compared to those utilized in previous studies.
Materials and Methods

Subjects
From November 8, 2011 to April 30, 2013, we prospectively enrolled 508 consecutive subjects who underwent MR imaging examination on a 7T scanner for medical research. Subjects included 279 healthy volunteers with no history or symptoms of central nervous system (CNS) disorders (196 men, 83 women; aged 19 to 70 years; mean age, 29.8 years) and 229 patients with various CNS disorders (120 male subjects, 109 female subjects; aged 9 to 85 years; mean age, 55.7 years). CNS disorders included such cerebrovascular diseases as steno-occlusive disease, Moyamoya disease, and cerebral arteriovenous malformation in 92 patients; neurodegenerative or demyelinating diseases, including Parkinson's disease, Alzheimer's disease, and multiple sclerosis, in 75 patients; brain tumors, such as gliomas and meningiomas, in 36 patients; and other neurological or psychiatric diseases in 26 patients. Among the subjects, 157 healthy volunteers (56.3%) and 209 patients (91.3%) had previously undergone conventional clinical MR imaging examination at 3T or below. All examinations were carried out with the approval of the institutional review board, and written informed consent was obtained from all subjects.
MR examination
We used a 7T MR imaging scanner (Discovery MR950; GE Healthcare, Milwaukee, WI, USA) with a passively shielded magnet of 60-cm bore diameter and 333-cm length. This scanner has a maximum gradient amplitude of 50 mT/m and maximum gradient slew rate of 200 mT/m/ms. All examinations were performed using quadrature transmission and 32-channel receive-only phased-array head coils (Nova Medical, Wilmington, MA, USA). The scanner table moves automatically in and out of the scanner bore at a constant table-feed speed of 2 cm/s, which is probably slower than those utilized in previous studies on 7T scanners (7 cm/s or manually operated). [13] [14] [15] According to the guidelines of the International Electrotechnical Commission (IEC) 60601-2-33, 16 all subjects were provided with earplugs to reduce noise to no more than 99 dBA (EP0200, GE Healthcare Japan, Tokyo, Japan; noise reduction of 34.4 to 47.2 dB between 125 and 8000 Hz). In addition, subjects undergoing functional MR imaging examinations were offered a headphone system (iMag, Star Product Ltd., Tokyo, Japan; or VisualStim-3D version 2010, Resonance Technology Inc., Northridge, CA, USA). Head-first supine positioning was used for scanning the head in 495 subjects and the wrist in four, and feet-first supine positioning was used for knee scanning in 9 subjects. The examinations consisted of various combinations of imaging techniques, such as 2-dimensional (2D) spin echo (SE), 2D/3-dimensional (3D) fast SE, 3D fluid-attenuated inversion recovery (FLAIR), 2D/3D fast spoiled gradient echo (FSPGR), 3D time-of-flight, diffusion-weighted/ tensor imaging, echo-planar imaging for functional MR imaging, MR spectroscopy, and chemical shift imaging. Examination time ranged from 15 to 180 min; that of 21 patients was 90 min or more but included at least 15-min intervals per 60 min.
Questionnaire after 7T examinations
We created a questionnaire regarding 14 potential sensations and symptoms during table movement and scanning based on those used in previous studies 13, 14 and on items received from our preliminary study. In addition to 10 questionnaire items that were comparable to those used in previous studies and related to vertigo, nausea, metallic taste, sweating, headache, fear, light flashes, tachycardia, feelings of faintness, and feelings of unreality or strangeness, 13, 14 we added 4 new items in response to comments received in our preliminary study (unpublished data)-a feeling of curving or leaning in the left or right direction, head heaviness, numbness, and tinnitus. After MR imaging examination at 7T, the subjects graded the level of sensation of each questionnaire item using an 11-point scale (0 to one, minimal; 2 to 4, weak; 5 to 7, moderate; and 8 to 10, severe). The subjects could also freely add comments and sentiments as necessary.
Data analysis
We compared scores during table movement and scanning using Wilcoxon's matched-pairs signedrank test and scores of volunteers and patients using Mann-Whitney U test or chi-square test, and we evaluated differences in scores among the sensations using Steel-Dwass test. We also compared the mean values of the scores with those from a previous study.
14 After dichotomizing the scores to 0 to 4 and 5 to 10 and selecting variables with P < 0.2 in the univariate analyses for the final model, we used multivariate logistic regression analyses to examine correlations between scores of vertigo or curving/leaning feeling during table movement and subject characteristics (i.e., volunteer versus patient, sex, age, body weight, scanning position, examination time, and experience of clinical MR imaging). The alpha level for all analyses was 0.05.
Results
Of the 508 subjects, one volunteer refused MR imaging examination when moving into the bore mainly because of feelings of claustrophobia; no other subject abandoned the examination because of subjective discomfort. Three patients could not reply to the questionnaire after examination because of impaired cognitive function. The remaining 504 subjects (99.2%) (278 volunteers, 226 patients) were eligible for further analyses. Table 1 shows the characteristics of these subjects.
Among the various sensations experienced during examination at 7T, vertigo and feelings of curving or leaning to the right (67%), left (20%), or other directions during (Fig. 1) . Between volunteers and patients, 7 sensations including vertigo and curving/leaning feeling during table movement and/or stationary position were significantly stronger in the volunteers than patients (P < 0.05, Mann-Whitney U test) ( Table 2) .
Compared to a previous report, 13 mean scores 
Discussion
Subjective discomfort during examination is a known issue at 7T, although there are several advantages of 7T examinations over those at 3T or below. Previous studies 14, 15 reported that approximately a fourth of subjects experience discomfort, particularly substantial vertigo, during table movement. However, in this study, only 11% reported substantial (moderate or severe) vertigo, even during table movement, and the severity of the discomfort tended to be mild, particularly during table movement, when compared to reports from previous studies.
The discrepancies in the occurrence and degree of discomfort between the present study and previous studies can be attributed to differences in the scanners and/or subjects. One characteristic of the scanner we used is its very slow table-feed speed, i.e., 2 cm/s, which we speculate is less than half that used in previous studies and can help diminish n.a. Tinnitus 0.08/0.14* 0.06/0.14 0.09 /0.14 n.a.
*P < 0.05, **P < 0.01 (comparisons between table movement and stationary positions by Wilcoxon's test); † P < 0.05, ‡ P < 0.01 (comparisons between volunteers and patients by Mann-Whitney U test); n.a., not applicable; sensation scores, 0 to one (minimal), 2 to 4 (weak), 5 to 7 (moderate), and 8 to 10 (severe). Subject, 1 = volunteer, 0 = patient; sex, 1 = women, 0 = men; age, per 10 years; weight, per 10 kg; scanning position, 1 = head-first, 0 = feet-first; examination time, per 30 min; experience of MRI, 1 = having an experience of conventional clinical magnetic resonance imaging at 3 tesla or below; CI, confidence interval; MRI, magnetic resonance imaging; n.a., not applicable the effects on subjects of temporal changes in the magnetic field. Several studies have indicated that the occurrence and strength of uncomfortable sensations, such as vertigo, nausea, metallic taste, and light flashes, from MR imaging depend on the static magnetic field and its temporal change (dB/dt). [17] [18] [19] In this study as well as in previous studies, vertigo was experienced much more frequently and stronger during table movement. This finding suggests that this sensation is mainly caused by a gradual increase or decrease in magnetic field strength, i.e., dB/dt, during table movement rather than the static magnetic field and dB/dt during image acquisition. The infrequent and mild tendencies toward vertigo and other sensations in this study as compared to previous studies also can be explained by decreased dB/dt-related stimulation of the cranial and peripheral nerves resulting from the slow table speed we used. Hence, slowing down the table-feed speed is considered to be a crucial technique to diminish such unpleasant sensations as vertigo at 7T.
The sensation of curving or leaning to the right or left direction during table movement was the most frequent subjective sensation reported in this study, although these feelings were not always unpleasant. To our knowledge, there are no similar descriptions in previous studies, although right head tilt was reported in rats at 14.1 T, 20 and a sensation of falling forward or backward was reported in humans at 7T. 11 The mechanisms of this phenomenon are unknown, but it can be caused by stimulation of the vestibulocochlear nerve or inner ear organs during gradual changes in magnetic field strength at a slow table speed.
In this study, sweating, headache, feeling of faintness, numbness, and tinnitus were significantly more evident in stationary table positions than during table movement, although the incidence and severity were not serious. Sweating can be caused by extensive RF exposure and insufficient air conditioning within the bore. However, we performed all scanning procedures in this study in accordance with FDA guidelines and under appropriate environmental conditions, and there were no substantial differences in the incidence or severity when compared to those reported in previous studies. [13] [14] [15] Previous studies have reported the more frequent experience of headache in a stationary table position at both 7 and 1.5 T, 13, 14 as we showed in this study. The mechanisms of this symptom are still unknown, 4 although an in vitro study suggested potential alterations in blood flow caused by erythrocyte alignment in a static magnetic field. 21 Nevertheless, we speculated that the increased occurrence and severity of these subjective sensations in this study can be partly related to relatively long examination times (median, approximately one hour), although we could find no correlations between these complaints and examination time. Many factors besides static magnetic field and table-feed speed may influence subjective sensations during MR imaging examination. In this study, in addition to the long examination time, our study population and subject characteristics differed somewhat from those in conventional clinical MR imaging examination; 55% of the subjects, mostly male, were healthy, subjects tended to be young, and fewer subjects had experienced previous MR imaging examination up to 3T when compared with those characteristics in clinical examinations. The sensations tended to be more evident in volunteers than patients in this study, but multivariate analyses demonstrated no significant correlations between the sensations and volunteer status, gender, or experience of previous clinical MR imaging examination, although the sensations were modestly related to age and examination time. Hence, we consider our study results, particularly those in patients, to be applicable for future clinical practice.
Our study has several limitations. First, we could not directly compare 7T scanners and those with lower field strengths, so we could not directly determine which sensations are significantly augmented at 7T compared to those reported at 3T or below. However, more than two-thirds of subjects had already experienced MR imaging examinations at lower magnetic fields, so their reports of sensations in this study may be partly influenced by indirect comparisons with those during previous clinical MR imaging, although we found no correlations between the sensations and MR imaging experiences. Second, we could not evaluate differences between our results and those from other 7T scanners and in different subjects. We compared the mean scores of sensations between this and the previous study, but statistical analyses were unavailable. Hence, we could not confirm whether the complaints were significantly less evident in this study nor correlate the scanner and subjects in this study with the sensations experienced. Third, we could not perform assessments at different table-feed speeds because clinicians cannot control this variable. Thus, we could not establish direct evidence that a slow table speed diminishes vertigo and other unpleasant sensations. Finally, it remains unknown whether pulse sequences are related to sensations experienced during examination. Further investigations should solve these issues.
Conclusion
Subjects experienced such unpleasant sensations as vertigo at 7T, especially when the table was moving, but these sensations were less frequent and weaker than those reported in previous studies, presumably because of the slow table-feed speed we used. Thus, we believe the subjective discomfort experienced at 7T is acceptable to most patients and volunteers.
